Steady-state ratios of the concentration in lymph to that in plasma were measured for "°I-serum albumin after 4 days of equilibration in unanesthetized dogs.
• The observation that labeled albumin injected into plasma appears in lymph as a wash-in function has established that lymph is derived from a pool of interstitial fluid (1) . Estimates of steadystate pool volumes drained by lymph trunks have been based on the kinetics of pool saturation by a reference molecule transported with a net flux from plasma to lymph. These analyses have used the simplifying assumptions that the reference molecule within the interstitial pool is distributed instantaneously, is not removed by cells or other structures, and is carried into lymph by convection only (2, 3) . Labeled serum proteins commonly have been used as reference molecules, since capillaries universally leak proteins which return to the vascular compartment through the lymphatic ducts. Measurements of lymph distribution volume, however, are beset with intrinsic problems: the actual This work was supported by U. S. Public Health Service Grants HL 08601 and HL 13596 from the National Heart and Lung Institute.
Received October 15, 1971 . Accepted for publication April 29, 1974. tissue volume drained by a single lymph trunk is uncertain and parallel pericapillary interstitial fluid-lymph compartments can conceivably transport the reference molecule with different rate constants. Volumes measured from kinetic analyses are volumes relative to lymph-volumes that have the same concentration of the reference molecule as does lymph. Obviously, water flux from capillaries establishes a large difference in the concentration of the reference molecule between the anatomic interstitial compartment and the lymph, and the average concentration within the interstitial compartment must be known to convert the lymph distribution volume to an anatomic counterpart. Recently, Areskog et al. (4) estimated the cardiac lymph distribution volume in the dog by using labeled albumin as the reference molecule (4) . Since the right lymphatic duct in anesthetized dogs principally contains lymph from the heart and lungs (1), we attempted to estimate the pulmonary lymph distribution volume by using the data of Areskog et al. in conjunction with a kinetic analysis of total right lymphatic duct wash-in.
Providing plasma concentration of labeled albumin is constant, lymph flow is constant, and labeled albumin is transported from plasma to lymph by bulk flow,
where C, = concentration of labeled albumin in a lymphatic duct draining a uniform tissue mass at time = t, C, si = steady-state concentration of labeled albumin at t -» » , and K, = velocity constant (2, 4) . The velocity constant is equal to LI/VI , where L/ = lymph flow and V, = interstitial volume relative to lymph, i.e., the volume that has the same albumin concentration as does lymph.
With the additional assumption that the extravascular concentration ratio of fluid albumin to lymph albumin is uniform and constant, V t can be converted to actual extravascular fluid volume if the ratio is known. Eq. 1 applies to a lymphatic duct draining a uniform tissue mass, whereas the right lymphatic duct mainly contains lymph from the heart and lungs. The instantaneous concentration of labeled albumin in the right lymphatic duct is
where F = fractional right lymphatic duct flow of labeled albumin and C = instantaneous labeled albumin concentration in lymph from the heart (subscript H) and lungs (subscript L). Combining Eqs. 1 and 2 with the assumptions that
This equation simply notes that the semilogarithmic plot of 1 -C R /C asH vs. time is not linear if the rate constants, K H and K L , vary significantly. Our data indicated that the right lymphatic duct has only one measurable wash-in velocity constant for albumin almost to half-time equilibration, that this constant approximates that reported by Areskog et al. (4) for cardiac lymph, and that it matches the wash-in velocity constant of albumin into pulmonary interstitial fluid.
Methods
Seventeen mongrel dogs of either sex with an average body weight of 14 kg were used for this study. All of the dogs were intravenously injected with approximately 90 nc of '"I-human serum albumin, which was allowed to equilibrate completely with the nonlabeled protein of the intra-and extravascular fluids. We considered equilibration to be complete when the plasma concentration of '"I-albumin had decreased by a single exponential of very long half-time consistent with metabolic degradation (5); usually, this process required 4 days. We then anesthetized the dogs with sodium pentobarbital (25 mg/kg, iv, initially and 25-50 mg, iv, every 2 hours to prevent shivering). We placed a Cournand needle into a femoral artery to monitor systemic blood pressure and collect small samples of blood for measurement of Poi, Pco,, pH, and hematocrit. We explored the right jugular-subclavian junction for the right lymphatic duct as described previously (6) . We successfully cannulated the duct in 15 dogs, but only in 11 was the lymph flow large enough to permit the individual 10-20-minute collections of lymph required for kinetic analysis. These 11 dogs are designated group A. In the other 4 dogs, a small quantity of right duct lymph was collected over several hours for determination of albumin concentration. These 4 dogs together with the 2 dogs in which no right lymphatic duct was found are designated group B. In all dogs, we subsequently cannulated the portion of the thoracic lymphatic duct emerging from the superior mediastinum; in every instance this branch contained chyle. No chyle was seen in any right lymphatic duct. We used polyethylene (PE90) tubing for all lymphatic cannulations, and we collected lymph in tared glass tubes placed approximately 4 inches below the lymphovenous junction. We recorded lymph flow as weight difference divided by collection time.
After determining the base-line lymph flow and obtaining the base-line samples (usually 1 hour), we intravenously injected 20 ^c of ul I-human serum albumin to group A dogs. We added the same quantity of "'I-albumin to 250 ml of normal saline and injected small increments of this solution intravenously every 10 minutes throughout the experimental period to keep the plasma concentration of labeled albumin constant. Based on the preliminary observation that the plasma concentration of " l I-albumin decreases approximately 0.8%/10 min for the first 2 hours following injection, an average dog required 2 ml of diluted labeled albumin every 10 minutes. The adequacy of this dose was always checked by on-line scaling of plasma samples. Following the initial injection of "'I-albumin, we collected all lymph in 10-20-minute samples and counted each for both isotopes. C,, H for "'I-albumin was defined as
where the bracketed values are concentrations and the subscripts, P and R, are plasma and right duct lymph, respectively. Instantaneous CJC,, R for "'I-albumin therefore was defined as
-.
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We made an effort to study wash-in kinetics for at least 3 hours and preferably until we approached halftime. Usually it was not possible to study the kinetics to half-time because of the long half-time and the uncertain effects that prolonged anesthesia have on lymph flow and cardiopulmonary stability. In four dogs from group A and all six dogs from group B, we ligated the renal pedicles at the beginning of the experimental period through separate transperitoneal incisions placed far laterally. We then intravenously injected approximately 50 fie of u C-sucrose and allowed 3-4 hours for equilibration with total body extracellular water. Lymph flow and cardiopulmonary stability in the seven dogs in group A that were not subjected to renal pedicle ligation and 14 Csucrose injection were compared with those variables in the ten dogs that were subjected to renal pedicle ligation.
At the end of the experiment, we killed all of the dogs with sodium pentobarbital, immediately opened their chests through a sternum-splitting incision, and excised both of their lungs. After permitting most of the blood to drain from the lungs, we weighed them with a measured amount of distilled water and homogenized them. We used the method of Pearce et al. (7) to determine lung tissue water and lung blood water. Lung blood water was converted to lung blood using the ratio of wet weight to dry weight of peripheral blood. Pulmonary plasma volume was calculated using derived lung blood volume and central hematocrit, assuming that the lung blood hematocrit was 95% of the central blood hematocrit (8) . Samples of homogenate were analyzed for u C-sucrose concentration with a liquid scintillation spectrometer and for "'I-albumin and 125 I-albumin concentration with a Picker Well and Sealer. The branching coefficient of 131 I into the energy window of 12> I was 16.4%; all counts of '"I-albumin were appropriately corrected. The error was minimized, however, by the difference in dose size. From the homogenate density and weight, we computed total homogenate activity for 12°I -albumin. From the calculated pulmonary plasma volume and the corresponding peripheral plasma 1J5 I-albumin concentration, we calculated the total lung plasma '"I-albumin concentration and subtracted this value from the total homogenate m I-albumin concentration. The resulting activity represented that in pulmonary interstitial fluid. This value was converted to grams of albumin, using the specific activity of '"I-albumin determined in plasma. Plasma albumin concentration was measured using the Biuret method and electrophoresis. Pulmonary interstitial fluid volume was estimated by measuring the "C-sucrose extravascular space in the ten dogs divided between both groups. This space was estimated from the total homogenate M C activity and the corresponding plasma volume and activity. In all ten dogs, the peripheral plasma and right or thoracic duct lymph activities for M C-sucrose were identical; this finding suggests complete equilibration with total extracellular fluid. The interstitial albumin mass divided by the 14 C-sucrose extravascular water volume was used as an estimate of pulmonary interstitial albumin concentration. This value was compared with that for right duct lymph in four dogs from group A and four dogs from group B in which a single sample of right duct lymph was gathered over several hours. Finally, we calculated the ratio of washed-in albumin to total albumin in pulmonary interstitial fluid in six dogs by the following method. 
Results
During the experimental period there was no significant alteration in systemic arterial blood pressure, heart rate, or blood gas content. Right duct lymph flow often increased when the period of anesthesia exceeded 8 hours. Duct cannulations normally required 2 hours, so experimental times usually were 4-5 hours. In a single dog (A5 in Table  1 ), there was sufficient stability to observe wash-in kinetics for 8 hours. There were no measurable differences between preparations with and without renal pedicle ligation. The concentration of 131 Ialbumin did not increase immediately in either the thoracic or the right lymphatic duct. The time lag in the thoracic lymphatic duct was much less than that in the right lymphatic duct, and the greatest time lag observed in any right lymphatic duct was 20 minutes. After the initial lag, the 13l I-albumin concentration increased exponentially in lymph (Fig. 1) . Thoracic duct lymph flow was approximately ten times right duct lymph flow, and the flows were reasonably constant (Fig. 1) . The 
C K ICF " ratio of albumin concentration in right duct lymph to that in plasma, L R = right duct lymph flow, K R = right duct albumin wash-in velocity constant, and V R -right duct distribution volume. 
wash-in kinetics of
13I I-albumin into the thoracic lymphatic duct were obviously different from those into the right lymphatic duct. There usually was a very rapidly equilibrating compartment followed by a slower compartment in thoracic duct lymph during the experimental period (Fig. 2) . By comparison, only one velocity constant was observed for each right lymphatic duct throughout the experimental period (Fig. 3) .
Using least-square regression analyses (9), we estimated the wash-in velocity constant (K R ) for the right lymphatic duct in each dog in group A (Table 1) . From each K R , we computed the corresponding right lymphatic duct interstitial volume relative to lymph (V R ), using measured lymph flow (L«). The results are summarized in Table 1 in which the experimental times are compared with the half-times for each right lymphatic duct. The ratio of albumin concentration in the right duct lymph to that in plasma is also noted in Table 1 .
Lung water analyses are presented in Tables 2  and 3 . Since wet lung weight (W) for each dog is presented in terms of total body weight in Table 2 , all other values in both tables can be converted to values per wet lung weight by dividing by the corresponding value of W. The trapped lung blood (Q 6( ) was fairly constant and quite large. Bloodless dog lung-was approximately 70% water (Table 2) . Pulmonary interstitial water analyses are presented in Table 3 . The pulmonary 14 C-sucrose extracellular volume (Q elo ) measured in each dog naturally consisted of plasma and interstitial com- W = ratio of wet lung weight to body weight, Q M = ratio of trapped lung blood to body weight, <?,". = ratio of lung extravascular water to body weight, and Q t JQ L -ratio of extravascular water to bloodless lung weight.
ponents. Subtracting the plasma component in each dog gave the corresponding interstitial volume (Qtw), which was quite constant in the ten dogs. The calculated total interstitial albumin mass (A,) was somewhat more variable. The concentration of albumin in the interstitial volume averaged 1.4 g/100 ml (Table 4) , which averaged 74% of the albumin concentration in right duct lymph (C A /C R Q, u = ratio of lung extracellular water to body weight, Q m = ratio of lung interstitial water to body weight, and A, -ratio of lung interstitial albumin to body weight. in Table 4 ). That right duct 131 I-albumin wash-in kinetics were representative of pulmonary interstitial fluid 1M I-albumLn wash-in kinetics is demonstrated in Table 5 at the end of the experiment. The two ratios were nearly identical in the groups as a whole, and this fact indicated that the wash-in of albumin in pulmonary interstitial fluid was represented by the fastest equilibrating compartment measured in right duct lymph.
We estimated the pulmonary portion of right lymphatic duct distribution volume from the following data. The mean wash-in velocity constant for the lungs (right duct) was 2.35 x 10" 3 ± 0.99 x 10 3 min~' ( Table 1) . The mean wash-in velocity constant for the heart is 5.4 x 10" 3 ± 3.2 x 10" 3 min" 1 according to Areskog et al. (4) . Although these two constants are significantly different (P < 0.02 by the double-tailed £-test), the measurements were made in significantly different preparations. Cardiac lymph measurements were made on heartlung preparations (4), which might have altered the relationship between interstitial fluid volume, pressure, and lymphatic pumping (10) . If cardiac and pulmonary interstitial wash-in kinetics were markedly different, we would have observed more than a single exponential in our experiments. At any rate, even this magnitude of difference would be difficult to observe in any wash-in function (11), so we can assume that the velocity constants for heart and lungs are nearly equal. The mean pulmonary portion of the right lymphatic duct distribution volume therefore can be estimated by subtracting the mean cardiac distribution volume of 0.42 ml/kg measured by Areskog et al. (4) from the mean V R of 0.92 ml/kg ( Table 1 ). The resulting pulmonary distribution volume of 0.5 ml/kg represents interstitial fluid having the same concentration of albumin as does right duct lymph. Converting this value to actual pulmonary interstitial fluid volume requires division by the ratio of albumin concentration in interstitial fluid to that in lymph (0.74 from Table 4 ). This procedure yields a mean pulmonary interstitial volume of 0.68 ml/kg draining into the right lymphatic duct. Since total mean interstitial volume was 2.41 ml/kg (Table 3) , an average of 28% (0.68/2.41) of pulmonary interstitial fluid was represented in the right lymphatic duct in the dogs.
Discussion
The fractional representation of lung lymph in the right lymphatic duct in this series of experiments closely correlates with the data of Humphreys et al. (12) , who studied collateral pulmonary lymph flow in sheep, and with the data of our recent study (13) in dogs based on lymph oxygen tensions. The estimated albumin concentration in pulmonary interstitial fluid was greater than that reported by Vaughan et al. (14) in sheep. It is possible that measuring lung blood by the method of Pearce et al. (7) yields an overestimate compared with the estimate derived from plasma albumin tags in homogenates (15) . This effect would decrease estimated pulmonary interstitial fluid volume, but it would also decrease interstitial albumin mass proportionately. Therefore, this potential error did not affect pulmonary interstitial albumin concentrations or the ratios of [ Table 5 . The error, however, would affect lung water analysis, and Vaughan et al. (14) found a greater Q t JQ L in sheep lung (0.8 ± 0.01) than we did in dog lung (0.7 ± 0.07, Table 2 ). This discrepancy could also be related to species differences, since CJC R in sheep is approximately 0.5 (14) as opposed to our measured value of 0.74 in dogs.
Recently Garlick and Renkin (2) have reported that even large molecules are transported from the interstitial space into lymph by diffusion as well as convection. In their experiments on dogs, lymph was collected from the popliteal lymphatic ducts and the simultaneous plasma-to-lymph wash-in of sucrose and dextrans of various molecular weights was measured. Biopsies of skin and subcutaneous tissue were analyzed for dextran extravascular volume relative to lymph per gram of wet tissue. The total distribution volume was computed as this ratio multiplied by an estimated wet tissue mass drained by the lymph trunks. In this regard, the experiment suffered from the uncertainty involved in measuring the tissue volume drained by a lymph trunk; this theoretical disadvantage has been discussed by Grotte (16) . Another potentially more important uncertainty was the selection of steady-state lymph dextran concentrations. Garlick and Renkin (2) assumed that these concentrations were achieved in 4-6 hours; this assumption is critical in view of the importance of the steadystate value in computing rate constants (11) . Their steady-state values probably were underestimated, as is evident from their data comparing albumin and Dextran 20. They noted that the capillary permeability for both molecules was the same and that this fact was related to the equal effective hydrodynamic radii of the molecules. However, the mean steady-state concentration of Dextran 20 was only 72% of the mean steady-state concentration of albumin; this relationship is quite similar to the data presented in Figure 1 of the present paper. Figure 1 shows that the 5-hour lymph concentration of labeled albumin was approximately 70% of the true steady-state concentration. An error in steady-state measurement of this magnitude results in a rate constant nearly twice the true rate constant. The resulting difference in distribution volume estimation would be approximately equal to the difference that Garlick and Renkin (2) attributed to diffusion. Their conclusions regarding diffusive components therefore might be incorrect; moreover, they are at variance with the earlier conclusions of Pappenheimer and Soto-Rivera (17) .
For these reasons, we believe that neglecting a diffusive component in the calculation of distribution volume was acceptable, particularly in view of other uncertainties regarding the actual amount of cardiac and other lymph contributions to the right lymphatic duct.
